Background {#Sec1}
==========

Glioblastoma (GBM) is the most common malignant brain tumor in adults and has the poorest prognosis \[[@CR1], [@CR2]\]. Maximum surgical resection is the most common treatment method for GBM, followed by postoperative adjuvant chemotherapy and other comprehensive treatments \[[@CR3]\]. The prognosis of patients with GBM is very unsatisfactory, with an average survival time of only 15--23 months \[[@CR4], [@CR5]\]. Because most GBMs are resistant to radiotherapy, screening for appropriate targeted drugs and increasing GBM radiosensitivity are the most important issues regarding GBM treatment. These strategies may also be the keys to improving overall therapeutic outcomes of GBM.

The transport of proteins between the nucleus and cytoplasm is critical for maintaining the homeostasis of normal cells. Exportin 1 (XPO1), also known as chromosome region 1 (CRM1), is a regulatory factor necessary for exporting cargo proteins that have the nuclear export signal (NES) from the nucleus to the cytoplasm \[[@CR6], [@CR7]\]. CRM1 regulates the nuclear export of more than 200 tumor suppressor proteins and proto-oncoproteins, including forkhead box protein O1 (Foxo1), Rb1, p53, p21, p27, survivin, and nuclear factor-kappa B (NF-κΒ) \[[@CR8]\]. In general, CRM1-mediated substrate protein transportation is strictly controlled, but in cancer cells, abnormally high expression of CRM1 often causes abnormal regulation of nuclear-cytoplasmic translocation of proteins, promoting tumorigenesis and tumor progression. CRM1 is widely expressed in tissues and cells, and its high expression is closely related to tumorigenesis and drug resistance \[[@CR9], [@CR10]\]. In many malignant tumors, such as ovarian cancer, osteosarcoma, and pancreatic cancer, high CRM1 expression is associated with poor prognosis in patients \[[@CR11]\]. Patients with high CRM1 expression have a relatively short median survival time. Our previous study showed that CRM1 was highly expressed in GBM, which was closely related to the poor prognosis of GBM patients. Inhibition of CRM1 simultaneously blocks three core signaling pathways (RTK/AKT/Foxo1, p53, and pRb) closely related to GBM tumorigenesis and progression, thereby suppressing GBM growth \[[@CR12]\]. In view of the potential of CRM1 as an anticancer therapeutic target, a number of small-molecule inhibitors against CRM1 have recently been developed \[[@CR11]\]. In recent years, our research team has developed a novel reversible CRM1 inhibitor (S109) that induces the degradation of CRM1 protein. S109 has shown significant antitumor effects in a preclinical mouse orthotopic GBM model and significantly prolongs the survival of tumor-bearing mice. S109 can effectively pass through the blood--brain barrier \[[@CR12]\]. However, long-term S109 chemotherapy alone may induce drug resistance. The combination of radiotherapy and chemotherapy for GBM is a classic and more effective method in clinical practice.

In recent years, clinical evidence has shown that the low sensitivity of postoperative tumor cells to radiotherapy and chemotherapy is associated with increased NF-κΒ activity \[[@CR13]\]. NF-κΒ is a class of nuclear transcriptional regulators with specific DNA-binding sequences that is widely distributed in many cells and participates in cell responses to various stimuli, such as growth factors and ionizing radiation \[[@CR14], [@CR15]\]. NF-κΒ is also known to prevent apoptosis through its involvement in cell cycle arrest and DNA repair, and plays an important role in tumor proliferation and apoptosis \[[@CR16], [@CR17]\]. In many types of tumors, structural activation of NF-κΒ is involved in tumor resistance to chemotherapy and radiotherapy \[[@CR18], [@CR19]\]. NF-κΒ and NF-κΒ-regulated gene products, including Bcl-xl, cyclin D1, matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), and cyclooxygenase-2 (COX-2), are involved in tumor cell resistance to radiotherapy \[[@CR20], [@CR21]\]. IκΒα is an inhibitor of NF-κΒ that binds to NF-κΒ in the resting state, inducing NF-κΒ to remain in the cytoplasm \[[@CR22]\]. When cells are exposed to external stimuli or stress, IκΒ kinase (IKK) is activated, phosphorylating and degrading IκΒ to release NF-κΒ to the nucleus where it can drive activation of target transcription factors \[[@CR23], [@CR24]\]. Nuclear activation of NF-κΒ rapidly induces transcription of the gene encoding IκΒα. The newly synthesized IκΒα enters the nucleus and forms a complex with NF-κB, dissociating NF-κB from DNA and rapidly transporting NF-κB out of the nucleus \[[@CR25]\]. The IκΒα protein contains a NES sequence, and NF-κB nuclear export by IκΒα is regulated by CRM1. Studies have shown that the inhibition of IκΒα nuclear export suppresses NF-κΒ activation when cells are stimulated \[[@CR26]\]. Based on the above studies, we hypothesized that the application of a CRM1 inhibitor would block IκΒα nuclear export and prevent GBM resistance to radiation.

It is unclear if S109 enhances the radiosensitivity of GBM in vivo. In this study, we validated this hypothesis by evaluating the effect of S109 on the growth of GBM xenografts in nude mice exposed to radiation. Our results showed that S109 promoted the nuclear accumulation of IκΒα and inhibited transcriptional activation of NF-κΒ by downregulating NF-κΒ activity and mediating GBM radiosensitization, thereby suppressing GBM growth.

Materials and methods {#Sec2}
=====================

Cell culture and reagents {#Sec3}
-------------------------

Human U87 GBM cells and rat C6 glioma cells were obtained from the Shanghai Cell Bank, Chinese Academy of Sciences for this study. Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS at 37 °C in a humidified incubator with 5% CO~2~. Antibodies against Cyclin D1 (cat. no.2922S), p27 (cat. no.3686S), Bcl-2 (cat. no.2872S), Bax (cat. no.2772S), γ-H2AX (cat. no.9718S), β-actin (cat. no.8457S), NF-κB p65 (cat. no.8242S), p- NF-κB p65 (Ser536) (cat. no.3033S), Histone H3 (cat.no.4499 s) and IκΒα (cat. no.4814S) were purchased from Cell Signaling Technology (CST, Beverly, MA, USA). Anti-CRM1 (sc-74454) and anti-H2AX (sc-54606) primary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The S109 compound was synthesized by the Suzhou Komanda Drug Development Company. S109 was dissolved in DMSO to create a 10 mmol/L solution, which was diluted to different concentrations of medium before use.

CCK-8 assay {#Sec4}
-----------

Cell viability was examined using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) as previously described \[[@CR27]\]. U87 or C6 cells were seeded in triplicate on 96-well plates (3000 cells per well). After overnight culture, different concentrations of S109 were added. After 72 h culture, 10 μL of CCK-8 solution was added to each well. The absorbance at the OD~450~ nm was detected with a microplate reader after incubation for 2 h. The experiment was repeated three times.

EdU incorporation assay {#Sec5}
-----------------------

The Cell-Light^™^ EdU Cell Proliferation Detection Kit (Ruibo Biotech, Guangzhou, China) was used to measure cell proliferation. C6 and U87 cells were seeded into 96-well plates. When the cells attached, they were treated with 0, 0.125, 0.25 and 0.5 μΜ S109, followed by treatment with radiotherapy at a dose of 0 Gy and 2 Gy. After 24 h, 50 μΜ EdU was added and incubated with the cells for 4 h. The cells were then fixed with 4% paraformaldehyde for 15 min, followed by treatment with 0.5% Triton X-100 for 20 min. Subsequently, the cells were incubated with 1 × Apollo^®^ reaction cocktail for 30 min and stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma) for 15 min. After washing three times with PBS, the cells were subjected to imaging under a fluorescent inverted microscope. This experiment was performed three times.

Clonogenic survival {#Sec6}
-------------------

The sensitivity of GBM cells to S109 or radiotherapy was evaluated using clonogenic survival assays. Control groups were treated with DMSO or mock irradiated. For combination studies, cells were plated at clonal density in six-well plates (cell numbers ranging from 600 to 2000 cells per well depending on radiation dose) and irradiated the next day. The different concentrations of S109 were added before irradiation, and the cells were irradiated with 0--6 Gy. After treatment with S109 for 24 h, the media were changed, and the cells were incubated for another 10--14 day with fresh drug-free medium. The cells were washed with PBS and fixed them with methanol, then stained with 0.1% crystal violet solution. All colonies with over 50 cells were counted. The surviving fraction (SF) was calculated as mean colonies/(cells inoculated plating efficiency). Cell survival curves were obtained by GraphPad Prism 6.0 software. Compusyn software was used to determine the synergistic effect of S109 combined with IR \[[@CR28]\].

Cell cycle assay {#Sec7}
----------------

We examined the effect of S109 and/or irradiation treatment on cell cycle distribution by flow cytometry as previously described \[[@CR29]\]. Briefly, C6 and U87 cells were seeded into 6-cm culture dishes. Once the cells were adhered, 0.5 μΜ or 1 μΜ S109 was added, and then the cells were exposed to a single dose of radiation (0 and 2 Gy) or both for 24 h. The cells were collected and fixed with 70% ice-cold ethanol and subsequently washed twice with PBS. Cells were stained with 50 μg/mL propidium iodide (PI) solution containing 25 μg/mL ribonuclease (RNase) for 30 min. Finally, the cycle distribution was assessed by flow cytometry and analyzed using CellQuest Pro software (Becton--Dickinson).

Luciferase reporter assay {#Sec8}
-------------------------

To assess the promoter activity of NF-κB, luciferase assay was performed. U87 cells were co-transfected with NF-κB-luc and renilla luciferase reporter vector using Lipofectamine^™^ 2000 (Invitrogen) in serum free DMEM media for 6 h. Then, the serum free media was changed with DMEM media containing 10% FBS, and the cells were incubated for another 24 h. The transfected cells were treated with 0.1% DMSO or S109 and/or IR. Luciferase reporter assay was performed using the Dual Luciferase Assay kit (Promega). Relative activity of NF-κB promoter was calculated relative to Renilla activity using luminometer.

Western blot assay {#Sec9}
------------------

U87 and C6 cells were treated with S109 at different concentrations. Radiotherapy was performed after dosing, and the radiotherapy dose was 0 Gy or 2 Gy. Control groups were treated with DMSO or mock irradiated. After 24 h, the total proteins, nuclear protein or cytoplasmic protein were collected for western blotting as previously described \[[@CR30], [@CR31]\]. The expression levels of Cyclin D1 (dilution 1:1000), p27 (dilution 1:750), Bcl-2 (dilution 1:500), Bax (dilution 1:1000), γ-H2AX (dilution 1:500), H2AX (dilution 1:500), CRM1 (dilution 1:1000), NF-κB p65 (dilution 1:500), p-NF-κB p65 (dilution 1:500) and IκΒα (dilution 1:1000) were examined, and β-actin (dilution 1:2000) and Histone H3 (dilution 1:2000) were used as loading control.

In vivo studies {#Sec10}
---------------

All animal protocols were approved by the Ethics Committee of the Xuzhou Medical University (Jiangsu Province, China). Seventy-two male athymic BALB/c nude mice aged 5--6 weeks were purchased from Beijing Vital River Experimental Animal Technology Co. Ltd., China. Luciferase-labeled U87 cells were injected orthotopically into the right striatum of nude mice using a small animal stereotaxic instrument (5 × 10^5^ cells per mouse). Five days after tumor cell inoculation, the nude mice were randomly divided into six groups (n = 12 per group). The grouping was as follows: (i) control group (vehicle alone), (ii) S109 treatment alone group (50 mg/kg), (iii) irradiation (IR) alone group (dose of 6 Gy), (iv) combination of S109 with 6 Gy radiation, (v) dose of 10 Gy radiation group, (vi) combination of S109 with 10 Gy radiation. The S109 and vehicle were injected intraperitoneally once a day. The radiotherapy groups were given radiation every other day with 2 Gy fractions three or five times. Tumor growth was monitored at regular intervals (day 10, day 18, and day 26) by injecting 75 mg/kg D-luciferin (Beetle Luciferin Potassium Salt, Promega) in 100 μL of PBS 10 min prior to imaging using a NightOWL LB 983 small-animal in vivo imaging system (Berthold Technologies, Germany). After 28 days of treatment, five randomly selected mice were euthanized and whole brains were collected after perfusion to observe tumor size. The other seven mice in each group were used for survival analysis.

Histopathology and immunofluorescence staining {#Sec11}
----------------------------------------------

The whole mouse brains of the control and treatment groups were post-fixed in 4% paraformaldehyde for 24 h, followed by continuous dehydration in 20% and 30% sucrose solutions (24 h each) until the whole brains sank to the bottom of the solution. The frozen GBM tissues were serially sectioned into brain slices with a 12 µm thickness using a cryostat. The brain slices were photographed under a microscope. The brain tumor slices were then incubated with PBS containing 0.3% Triton X-100 at room temperature for 30 min, followed by direct blocking in 10% goat serum for 1 h. The brain tumor slices were subsequently incubated with anti-Ki67 (RM-9106, Thermo Scientific, 1:400) overnight and with secondary antibodies for an hour on the next day. DAPI dye was used for nuclear staining. The immunofluorescent signals were observed and photographed under an inverted fluorescence microscope.

Statistical analysis {#Sec12}
--------------------

Each experiment was independently performed three or more times. GraphPad Prism 6.0 software was used for statistical analysis of the experimental results. Data are presented as mean ± standard deviation of the mean. Independent sample *t* test was used to compare the difference between two samples. The Kaplan--Meier method was used for survival analysis. Log-rank test was used to compare the difference in survival time between two groups. α = 0.05 was chosen as the test level, and a \**P* \< 0.05 was considered statistically significant.

Results {#Sec13}
=======

S109 combined with radiotherapy significantly inhibited GBM cell proliferation {#Sec14}
------------------------------------------------------------------------------

To evaluate the therapeutic efficacy of the CRM1 inhibitor S109 as a radiosensitizer in GBM, the CCK-8 was used to assess the effect of S109 on cell viability in U87 and C6 cells. The results showed that S109 significantly inhibited the growth of U87 and C6 cells in a dose-dependent manner (Fig. [1](#Fig1){ref-type="fig"}a, b).Fig. 1S109 combined with radiotherapy significantly inhibited GBM cell proliferation. U87 **a** and C6 **b** cell lines were treated with varying doses of S109, and cell viability was assessed by CCK-8 assay at 72 h after treatment. **c**, **e** Measurement of anti-proliferation effects of S109 and/or IR by EdU incorporation assay. Represent images were showed. The EdU incorporation rate was presented as the ratio of EdU positive cells to total DAPI positive cells, scale bar: 100 μm. **d**, **f** Quantification of the percentage of EdU-positive cells. All the results were presented as the mean ± SD from 3 independent experiments, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

To further evaluate the effect of S109 combined with radiotherapy on GBM cell proliferation, U87 and C6 cells were treated with fixed doses of S109 (0.125--0.5 μΜ) and/or 2 Gy radiation, followed by use of the EdU incorporation assay to determine cell proliferation. As shown in Fig. [1](#Fig1){ref-type="fig"}c--f, in U87 cells, compared with the control group, the cell proliferation rates were reduced to 80.7%, 63.7%, and 28.7% in the cells with 0.125, 0.25, and 0.5 μM S109 treatments, respectively. Under the 2 Gy radiotherapy, the cell proliferation rates were reduced to 79.7%, 42.7%, 27.3%, and 4.0% in the cells with 0, 0.125, 0.25, and 0.5 μM S109 treatments, respectively. Similar results were observed in C6 cells; when compared with the control group, the cell proliferation rates were reduced to 87.7%, 78.0%, and 73.0% in the cells with 0.125, 0.25, and 0.5 μM S109 treatments, respectively. Under the 2 Gy radiotherapy, the cell proliferation rates were reduced to 68.3%, 47.0%, 37.7%, and 28.7% in the C6 cells with 0, 0.125, 0.25, and 0.5 μM S109 treatments, respectively. These findings suggest that S109 combined with radiotherapy significantly inhibits the proliferation of GBM cells.

S109 combined with radiotherapy inhibited colony formation of GBM cells {#Sec15}
-----------------------------------------------------------------------

The effect of S109 on radiosensitization in U87 and C6 cells was detected by colony formation assay. The results showed that colony formation rates in the U87 and C6 cell lines decreased gradually as the irradiation dose increased. At the same irradiation dose, the colony formation rates of the cells treated with S109 combined with radiotherapy were significantly lower compared with the cells treated with radiotherapy alone (Fig. [2](#Fig2){ref-type="fig"}a, c). The survival curves of U87 and C6 cell lines were fitted by a single-hit, multi-target model and a linear-quadratic model. The results showed that compared with the cells treated with radiotherapy alone, the survival curves of the U87 and C6 cells down-shifted after 0.25 μM S109 plus radiotherapy and 0.5 μM S109 plus radiotherapy. The S109-induced radiosensitization ratios of U87 and C6 cells were calculated from the fitted curves, indicating as 1.29 and 1.88 in U87 cells and as 1.16 and 1.94 in C6 cells after 0.25 μM and 0.5 μM S109 treatments, respectively (Fig. [2](#Fig2){ref-type="fig"}b, d). Then, we further analyzed the synergistic effect of S109 and IR. The results showed that the combination indexes (CI) at different concentrations were less than 1, indicating a synergistic effect between S109 and IR (Additional file [1](#MOESM1){ref-type="media"}: Tables S1 and S2). These findings indicated that CRM1 inhibition combined with radiotherapy synergistically reduced the proliferation of U87 and C6 cells in a dose-dependent manner.Fig. 2S109 enhances radiation sensitivity of GBM cells. **a** U87 cells and (C) C6 cells were cultured in 6-well plates. S109 (0.25 μM or 0.5 μM) or vehicle (DMSO) were added to culture media and the cells were irradiated the next day. Colony forming efficiency was determined 10--14 days later. **b**, **d** Killing curves were generated after normalizing for cell killing by S109. Values represent the mean ± SD of 3 independent experiments

S109 combined with radiotherapy induced cell cycle arrest in the G1 phase and enhanced radiation-induced DNA damage {#Sec16}
-------------------------------------------------------------------------------------------------------------------

To further investigate the mechanism by which S109 combined with radiotherapy inhibited GBM cell proliferation, flow cytometry was used to analyze the distribution of cells in the cell cycle. As shown in Fig. [3](#Fig3){ref-type="fig"}a, b, compared to the cells with no treatment, U87 and C6 cells were arrested in the G1 phase after S109 treatment. Importantly, the number of cells in the G1 phase was not significantly increased after 2 Gy radiotherapy alone. However, the number of cells in the G1 phase was significantly increased after S109 combined with radiotherapy, with a corresponding reduction in the number of cells in the S and G2 phases. These results indicated that the decrease in cell proliferation induced by S109 combined with radiotherapy was due to cell cycle arrest in the G1 phase.Fig. 3Combination of S109 and radiation results in cell cycle arrest and enhances radiation-induced DNA damage. The distribution of cell cycle after S109 and/or IR treatment and quantitative analyses were examined by flow cytometry in U87 cells **a** and C6 cells **b**. The data represent the mean ± SD from 3 independent experiments, \**P* \< 0.05, \*\**P* \< 0.01. **c--f** The expression levels of multiple cell-cycle- and apoptosis-associated proteins were assessed by western blot assay in time- and does-manner. **g** Lysates of S109-treated U87 cells were collected at 24 h after radiation (2 Gy) for Western blot analysis. The levels of γ-H2AX and H2AX were examined

To further explore the mechanism by which S109 combined with radiotherapy regulated the cell cycle, we measured the level of several regulators that affect cell cycle progression by western blot analysis. As shown in Fig. [3](#Fig3){ref-type="fig"}c--f, S109 combined with radiotherapy increased the level of the cell cycle inhibitor p27 and reduced the level of cyclin D1 in a time- and dose-dependent manner compared to the radiotherapy alone treatment groups. Our data also showed that S109 combined with radiotherapy reduced the level of the anti-apoptotic protein Bcl-2 and steadily increased the level of the pro-apoptotic protein Bax. Importantly, compared with the S109 alone group, the changes in the level of the above cell cycle- and apoptosis-associated proteins were more pronounced after treatment with S109 combined with radiotherapy. These data demonstrated that S109 combined with radiotherapy induced cell cycle arrest in the G1 phase by modulating multiple cell-cycle- and apoptosis-associated proteins.

To determine the effect of S109 on radiation-induced DNA damage, the expression level of phosphorylated γH2AX was evaluated. As shown in Fig. [3](#Fig3){ref-type="fig"}g, the level of phosphorylated γH2AX was not changed in the cells following S109 treatment alone but was increased in the cells following 2 Gy radiotherapy alone. The level of phosphorylated γH2AX expression was even higher in the cells treated with S109 combined with radiotherapy than in the radiotherapy alone groups. Therefore, S109 treatment enhanced radiation-induced DNA damage in the cells.

CRM1 inhibition combined with radiotherapy slows down the growth of GBM in vivo {#Sec17}
-------------------------------------------------------------------------------

To validate the therapeutic efficacy of S109 combined with radiotherapy in GBM, we established a mouse orthotopic GBM model by inoculating luciferase-labeled U87 cells into nude mouse brains and periodically observed tumor growth using a small animal imaging system. As shown in Fig. [4](#Fig4){ref-type="fig"}a, the animals were intraperitoneally injected daily with 50 mg/kg S109 5 days after tumor cell inoculation. The animals were then divided into six groups and received radiotherapy once every other day starting at day 10, with 2 Gy fractions three or five times. The small animal imaging results showed that compared with the control group, the growth of U87 cells in the mice with S109 treatment alone or radiotherapy alone was significantly inhibited. However, the therapeutic effect was greater in the S109 combined with radiotherapy group, which significantly slowed the growth of U87 orthotopic xenografts in the mice (Fig. [4](#Fig4){ref-type="fig"}b, c). Compared with the control group, the median survival was extended 13 days in the S109 treatment group, 6 days in the 6-Gy radiotherapy group, 11 days in the 10-Gy radiotherapy group, 23 days in the 50 mg/kg S109 plus 6-Gy radiotherapy group, and 34 days in the 50 mg/kg S109 plus 10-Gy radiotherapy group (Fig. [4](#Fig4){ref-type="fig"}d). Compared with control or radiotherapy alone, S109 combined with radiotherapy significantly prolonged the median survival time of the tumor-bearing mice (Fig. [4](#Fig4){ref-type="fig"}d), suggesting that S109 increased the sensitivity of glioma cells to radiotherapy.Fig. 4CRM1 inhibition synergizes with radiation in *in vivo* models of GBM. **a** Schematic diagram of mice treated with S109 combined with radiotherapy. **b***In vivo* efficacy in U87-Luci GBM model in mice. U87-Luci-bearing mice received daily injection of S109 at a dose of 50 mg/kg, and these mice were irradiated on days 10, 12, 14, 16 and 18 with 2 Gy. Bioluminescent signal changes correlating to tumor growth were showed. **c** Quantification of the tumor bioluminescence signal (n = 3 mice per group). (D) Kaplan--Meier survival curve for the mice (n = 7, \*\**P* \< 0.01, \*\*\**P* \< 0.001). **e** Representative images of Ki-67 immunostaining of tumors dissected from control, S109-treated mice, IR-treated mice and S109+IR groups. Scale bar: 250 μm. **f** Quantitative analyses of the percentages of Ki-67 positive cells. Data are presented as mean ± SD from 3 independent experiments, \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001

We further analyzed Ki67 expression in the brain tissue sections in the different groups and results showed that compared with the control group, the percentage of Ki67-positive cells was 62.7% and 35.7% in the 6-Gy and 10-Gy radiotherapy groups, respectively. The percentage of Ki67-positive cells in cells treated with 50 mg/kg S109 combined with 0 Gy, 6 Gy, and 10 Gy radiotherapy was 44.3%, 17.0%, and 7.0%, respectively, compared with the control group (Fig. [4](#Fig4){ref-type="fig"}e, f). The above results showed that S109 combined with radiotherapy significantly inhibited the growth of tumor cells in tumor-bearing mice and prolonged the survival of these mice.

Combination of radiation and CRM1 inhibitor treatment results in nuclear retention of IκBα and reduces the level of p-p65 and NF-κΒ transcriptional activity {#Sec18}
------------------------------------------------------------------------------------------------------------------------------------------------------------

Numerous studies have shown that radiotherapy activates NF-κΒ signaling, which is one of the causes of tumor cell resistance to radiotherapy \[[@CR32], [@CR33]\]. IκBα, the inhibitory protein of NF-κΒ, is a well-known CRM1 target protein. CRM1 regulates the nuclear export of IκBα, thereby affecting the activation of NF-κΒ signaling \[[@CR34], [@CR35]\]. To investigate the therapeutic mechanism of S109 in enhancing sensitivity to radiotherapy, this study investigated if S109 exerted a radiosensitizing effect through regulation of IκBα/NF-κΒ signaling. As shown in Fig. [5](#Fig5){ref-type="fig"}a, b, the level of CRM1 expression was significantly reduced in U87 and C6 cells after S109 and/or 2-Gy radiotherapy. However, the CRM1 level was not affected in the cells treated with radiotherapy alone. Following S109 treatment alone, radiotherapy alone, or the combination therapy, total levels of the NF-κΒ p65 subunit did not change. Although S109 treatment alone or radiotherapy alone reduced the phosphorylation of p65, this reduction was not significant. S109 combined with radiotherapy significantly reduced the phosphorylation of p65 in a dose-dependent manner. We also evaluated the effect of radiotherapy on the level and activity of p65 at different time points after the treatment. We found that the p65 phosphorylation level was gradually reduced in cells treated with S109 alone. The reduction in p65 phosphorylation level was more significant after treatment with S109 combined with radiotherapy, with no effect on total p65 expression level (Fig. [5](#Fig5){ref-type="fig"}c, d).Fig. 5Combination of S109 and radiation reduces NF-κB transcriptional activation and promotes the nuclear accumulation of IκΒα. U87 and C6 cells were treated with S109 and/or IR. Lysates of cells were collected at 24 h after radiation for Western blot. The expression levels of CRM1, p-p65 and p-65 were assessed in a dose- and time-manner **a**--**d**. **e** The effects of S109 and/or IR treatment on the subcellular location of IκΒα. The cytoplasmic and nuclear protein extracts were used for immunoblotting with the indicated antibodies. **f** The transactivation ability of NF-κB were inhibited when combination of S109 and radiation. Relative NF-κB luciferase activity normalized with respect to corresponding renilla luciferase activity is shown. All the Data are presented as mean ± SD, \**P* \< 0.05, \*\**P* \< 0.01

We further isolated the nucleoplasmic proteins to examine the localization of the target protein IκBα, which is regulated by CRM1. As shown in Fig. [5](#Fig5){ref-type="fig"}e, cells treated with S109 alone had a gradual reduction of IκBα in the cytoplasm and a gradual increase of IκBα in the nuclei. The IκBα cytoplasmic reduction and nuclear aggregation in the cells was more significant after treatment with S109 combined with radiotherapy. The results of NF-κΒ-Luciferase reporter gene assays also showed that the transcriptional activation of NF-κΒ in the cells was significantly reduced after S109 treatment combined with radiotherapy (Fig. [5](#Fig5){ref-type="fig"}f). The above results indicated that S109 combined with radiotherapy significantly increased the nuclear accumulation of IκBα, which inhibited p-p65 expression and the transcriptional activation ability of NF-κΒ, thereby suppressing the proliferation of GBM cells.

Discussion {#Sec19}
==========

Radiotherapy is one of the main therapeutic regimens for glioma in clinical practice. However, 90% of patients with high-grade GBM relapse, mainly because high-grade gliomas develop resistance to chemotherapy and radiotherapy, leading to insensitivity of the tumor cells toward chemotherapy and radiotherapy and reducing the curative rate. Screening for effective chemotherapeutic drugs and improving sensitivity to radiotherapy are hot research topics in current cancer research. Our previous study results have indicated that S109, a novel reversible inhibitor of CRM1, effectively inhibits the growth of GBM cells and prolongs the survival of tumor-bearing mice. The aim of the present study was to determine whether S109 could sensitize GBM to radiotherapy. Results of the current study indicated that S109 combined with radiotherapy inhibited the growth of GBM cells through suppressing NF-κΒ signaling. In vivo experiments showed that S109 combined with radiotherapy significantly inhibited the growth of intracranial GBM and prolonged survival, suggesting that S109 increased the sensitivity of glioma cells to radiotherapy.

The DNA-damage response (DDR) pathway plays an important role in glioma resistance to radiotherapy and is involved in the detection of DNA damage, the initiation of DNA repair, and regulation of the cell cycle and apoptosis \[[@CR36], [@CR37]\]. Defects in the DDR pathway lead to GBM tumorigenesis and an increase in GBM resistance to radiotherapy \[[@CR38]\]. The key histone that regulates DNA damage, H2AX, is a subtype of histone H2A, which is different from other H2A subtypes due to its highly protected serine-glutamine-glutamic acid motif at the C-terminus. Within the domain, the serine 139 can be phosphorylated by members of the phospholipid inositol-3 kinase family including ataxia-telangiectasia-mutated (ATM), ATM and Rad3-Related (ATR), and DNA-dependent protein kinases (DNA-PKS) \[[@CR39], [@CR40]\]. Both in vivo and in vitro studies have shown that H2AX phosphorylation plays a central role in regulating cell damage caused by DNA double-strand breaks, including DNA repair, cell cycle checkpoint, and inhibition of tumor growth \[[@CR41], [@CR42]\]. In this study, we evaluated the effect of S109 on radiation-induced DNA damage and showed that the level of phosphorylated γH2AX in cells treated with S109 combined with radiotherapy was significantly increased, indicating enhanced DNA damage. The results of cell cycle assays showed that compared with the S109 treatment alone and radiotherapy alone, S109 combined with radiotherapy significantly increased the number of cells in the G1 phase, indicating significant cell cycle arrest in the G1 phase. Our results are consistent with a recent report on the XPO1 inhibitor, selinexor, which enhanced GBM radiosensitivity \[[@CR43]\]. Our data also suggest that S109 has radiosensitizing effects in GBM.

In recent years, clinical evidence has shown that postoperative tumors are insensitive to radiotherapies and chemotherapies, which is associated with increased NF-κΒ activity \[[@CR19], [@CR32]\]. Anticancer radiotherapies generally eliminate tumor cells by damaging DNA, inducing apoptosis, and blocking tumor cell proliferation. DNA damage-activated NF-κΒ signaling is one of the main mechanisms of radiotherapy-induced apoptosis \[[@CR44], [@CR45]\]. However, the NF-κΒ pathway plays a dual role in DNA damage-induced apoptosis, in which it promotes apoptosis while inducing the expression of anti-apoptotic genes. Once NF-κΒ activity is abnormally increased or continuously activated, NF-κΒ exhibits anti-apoptotic effects by blocking apoptosis and promoting the expression of target genes related to cell proliferation. This results in accelerated cell cycle progression, enhanced anti-apoptotic ability, tumor invasion, and metastasis, thereby causing resistance to radiotherapy \[[@CR45]\]. Therefore, blocking NF-κΒ activation is one of the strategies for reducing tumor resistance to radiotherapy. IκBα is an inhibitory protein of NF-κΒ, and IκBα in the nuclei can form a complex with NF-κΒ, causing NF-κΒ to dissociate from DNA and rapidly export from the nuclei \[[@CR25]\]. The IκΒα protein contains an NES sequence. IκΒα-NF-κB complexes are recognized by CRM1, which mediates nuclear export. Studies have shown that inhibition of IκΒα nuclear export suppresses NF-κΒ activation in cells that are stimulated. In our study, we observed that NF-κΒ activation required a higher radiation dose (4 to 8 Gy) than other studies (dose of 2 Gy). It is possible that different experiments may require different treatment times to produce the same effect at the same dose. To our surprise, results of our study showed that in cells treated with S109 combined with radiotherapy, the level of p-p65 was suppressed, nuclear accumulation of IκΒα was promoted, the transcriptional activation ability of NF-κB was attenuated, and the expression of the NF-κB downstream target genes cyclin D1 and Bcl-2 was reduced. The above results fully indicated that inhibition of the IκΒα-NF-κB pathway by S109 overcame GBM cell resistance to radiation and improved the radio-therapeutic effect.

Conclusion {#Sec20}
==========

Taken together, results of this study showed that S109 enhanced the efficacy of radiotherapy in GBM. S109 combined with radiotherapy significantly inhibited tumor cell colony formation, induced cell cycle arrest, and inhibited tumor cell proliferation in vitro. Results of in vivo experiments showed that S109 combined with radiotherapy effectively extended the survival of tumor-bearing mice and inhibited the growth of tumor cells. Importantly, S109 combined with radiotherapy effectively inhibited NF-κB activation induced by radiation, thereby blocking NF-κB signaling and enhancing GBM radiosensitivity. Therefore, this study provides a theoretical foundation and experimental basis for further clinical trials.
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GBM

:   Glioblastoma multiforme

CRM1

:   Chromosome region 1

NES

:   Nuclear export signal

CCK-8

:   Cell counting kit-8

EdU

:   5-ethynyl-2′-deoxyuridine

DAPI

:   4′,6-diamidino-2-phenylindole
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